Abstract. Sorghum is a principal cereal food in a number of parts of the world and is critical in folk medicine in Asia and Africa. However, its effects on bone are unknown. Growth hormone (GH) is a regulator of bone growth and bone metabolism. GH activates several signaling pathways, including the Janus kinase (Jak)/signal transducer and activator of transcription (STAT) pathways, thereby regulating expression of genes, including insulin-like growth factor (IGF)-1. Bone morphogenetic proteins (BMPs) induce the differentiation of cells of the osteoblastic lineage, increasing the pool of IGF-1 target cells, the mature osteoblasts. In the present study, the effects of Hwanggeumchal sorghum extracts (HSE) on GH signaling via the Jak/STAT pathway in osteoblasts were investigated. HSE was not observed to be toxic to osteoblastic cells and increased the expression of BMP7 and GH-related proteins, including STAT5B, p-STAT5B, IGF-1 receptor (IGF-1R), growth receptor hormone (GHR) and Jak2 in MC3T3-E1 cells. In addition, HSE increased BMP7 and GHR mRNA expression in MC3T3-E1 cells. The expression of HSE-induced BMP7 and GHR was inhibited by AG490, a Jak2 kinase inhibitor. The observations indicate that HSE-induced signaling is similar to GH signaling via the GHR-Jak2 signaling axis. Using small interference RNA (siRNA) analysis, STAT5B was found to play an essential role in HSE-induced BMP7 and GH signaling in MC3T3-E1 cells. Results of the current study indicate that HSE promotes bone growth through activation of STAT5B.
Introduction
Growth hormone (GH) and insulin-like growth factor (IGF)-1 are important regulators of bone homeostasis and are central to normal longitudinal bone growth and bone mass (1) . GH signaling via its receptor is mediated by cascades of protein phosphorylation resulting in activation of nuclear proteins and transcription factors. The growth hormone receptor (GHR) itself is not a tyrosine kinase (2) . Instead, when GH binds to the GHR, it induces receptor homodimerization and activation of the GHR-associated tyrosine kinase, Janus kinase 2 (Jak2) (3, 4) . Jak2 is then phosphorylated and in turn, phosphorylates the GHR and signal transducers and activators of transcription (STAT) proteins. Upon phosphorylation, STAT proteins, homodimerize or heterodimerize, translocate to the nucleus, bind to their appropriate DNA response element and stimulate transcription of GH-regulated genes, including IGF-1 (5) . GH exerts its effects directly and via IGF-1, which signals by activating the IGF-1 receptor (1R). The IGF-1R is a cell-surface receptor that contains intrinsic tyrosine kinase activity within its intracellular domain (6) .
Bone is a living organ that undergoes remodeling throughout life (7) . Bone remodeling involves the removal of mineralized bone by osteoclasts followed by the formation of the bone matrix through the osteoblasts that subsequently Hwanggeumchal sorghum extract enhances BMP7 and GH signaling through the activation of Jak2/STAT5B in MC3T3-E1 osteoblastic cells (8) . The major regulators of bone remodeling include GH, parathyroid hormone (PTH), IGF-1, transforming growth factor-β (TGF-β) and bone morphogenetic protein (BMP) (7) . BMPs constitute the largest subgroup of the TGF-β superfamily of cytokines (9, 10) . BMP molecules appear to induce bone formation in a stepwise manner, with individual BMP molecules functioning at various stages of osteoblastic differentiation and osteogenesis (11, 12) . Specifically, BMP7 is known to be an osteogenesis-stimulating factor and has been widely reported to induce osteogenic differentiation of human mesenchymal stem cells (hMSCs) (13, 14) . Since BMP7 controls the development and maintenance of multiple physiological processes in the human body, it is not surprising that aberrant expression of BMP7 has been found to be associated with a variety of diseases (15, 16) .
Sorghum is rich in phytochemical components, including tannins, phenolic acids, anthocyanins, flavanoids and policosanols, with a potential to benefit human health (17) . Recent studies have demonstrated that sorghum has an anti-esophageal cancer and cholesterol-lowering effect, decreasing the risk of cardiovascular disease and in particular, revealing a high antioxidant activity (18, 19) . However, the effects of Hwanggeumchal sorghum extracts (HSE) have not yet been reported in bone cells. Natural substances have been investigated as candidate materials to be used in bone-related diseases. These natural extracts have been used to develop new drugs through a combination of effective single compounds or in combination with existing commercial drugs, including estrogen or GH products used to prevent bone loss (20, 21) .
Notably, the role of Jak/STAT signaling in osteoblasts appears to be relatively obscure. Recently, we reported STAT5B as a mediator of MSC proliferation in response to methylsulfonylmethane (MSM) stimulation (22) . In the present study, the role of HSE-enhanced BMP7 and GH-signaling in Jak2/STAT5B signaling was investigated in MC3T3-E1 cells.
Materials and methods
Antibodies and reagents. Dulbecco's modified eagle's medium (DMEM), MEM, fetal bovine serum and trypsin-EDTA were purchased from Gibco-BRL (Carlsbad, CA, USA). IGF-1R, phospho-IGF-1R, STAT5B, Jak2 and GHR primary antibodies, and the secondary antibodies (HRP-conjugated goat anti-mouse IgG and HRP-conjugated donkey anti-rabbit IgG) were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). BMP7 antibody was purchased from Abcam (Cambridge, UK). An antibody against phospho-STAT5B was obtained from Upstate Biotechnology (Lake Placid, NY, USA). The anti-actin antibody and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were obtained from Sigma-Aldrich (St. Louis, MO, USA). The RNeasy mini kit was purchased from Qiagen (Hilden, Germany). The reverse transcription-polymerase chain reaction (RT-PCR) Premix kit and BMP7, GHR and 18S primers for RT-PCR were purchased from Bioneer Corporation (Daejeon, Korea). The ON-TARGETplus SMARTpool small interference RNA (siRNA) targeting STAT5B and ON-TARGETplus non-targeting siRNA were purchased from Dharmacon (Pittsburgh, PA, USA). The enhanced chemiluminescence (ECL) plus detection kit was purchased from Amersham Pharmacia Biotech (Piscataway, NJ, USA). The coomassie protein assay kit and Restore western blot stripping buffer were purchased from Pierce Biotechnology, Inc. (Rockford, IL, USA).
Extraction and characterization of sorghum. For this study, HS was selected and extracted according to a previously described method (23) with small modifications. The sample (50 g) was stored at -36˚C and ground well prior to use. Ground powder was then extracted with 30% 0.1 N HCl in acetonitrile. The solution was filtered using Whatman filter paper (Cole-Parmer, Vernon Hills, IL, USA), concentrated and again extracted with 100% methanol and dried overnight in a freeze dryer. The sorghum extract was characterized for its phenolic content using high performance liquid chromatography (data not shown).
MTT assay. Cell viability was assayed by measuring blue formazan that was metabolized from MTT by mitochondrial dehydrogenase, which is active only in live cells. One day prior to drug application, MC3T3-E1 cells were seeded in 96-well flat-bottomed microtiter plates (3,000-5,000 cells/well). MC3T3-E1 cells were incubated for 24 h with various concentrations of HSE. MTT (20 µl; 5 mg/ml) was added to each well and incubated for 4 h at 37˚C. The formazan product was dissolved by adding 200 µl DMSO to each well and the plates were read at 550 nm. All measurements were performed in triplicate and each experiment was repeated at least three times.
Western blot analysis. MC3T3-E1 cells were treated with the indicated HSE concentrations (0, 10, 20 and 40 µg/ml) for 24 h. MC3T3-E1 cells were untreated or pretreated with 50 µM AG490 for 4 h then treated with 30 µg/ml HSE for 24 h. Cells were lysed in whole lysis buffer [50 mM Tris-HCl, (pH 7.5), 5 mM EDTA, 150 mM NaCl and 1% Triton X-100] containing protease and phosphatase inhibitors (1 mM PMSF, 2 µg/ ml leupeptin, 4 µg/ml aprotinin and 1 µg/ml pepstatin) and protein concentrations were determined using the coomassie protein assay kit (Pierce Biotechnology, Rockford, IL, USA). An equivalent amount of protein extracts from each sample was electrophoresed on 10% SDS-PAGE and transferred onto nitrocellulose membranes. Membranes were blocked for 1 h with 5% non-fat milk in T-TBS buffer [20 mM Tris-HCl (pH 7.6), 137 mM NaCl and 0.1X and incubated overnight at 4˚C with primary antibodies (BMP7, STAT5B, p-STAT5B, IGF-1R, GHR, Jak2 and β-actin). The membranes were washed three times in T-TBS and incubated with the corresponding secondary antibody, anti-mouse or anti-rabbit IgG HRP-conjugate (1:1,000), in T-TBS with 5% non-fat milk for 1 h under agitation at room temperature. Following washing three times in T-TBS, the membranes were developed using the ECL plus kit.
RT-PCR. MC3T3-E1 cells were treated with the indicated concentrations of HSE for 24 h. MC3T3-E1 cells were untreated or pretreated with 50 µM AG490 for 4 h then treated with 30 µg/ml HSE for 24 h. Total RNA was prepared using the RNeasy mini kit and cDNA was synthesized using the AccuPower RT PreMix kit (Bioneer Corporation) according to the manufacturer's instructions. PCR was performed using aliquots of cDNA to detect GHR and BMP7. The PCR primer sequences were as follows: BMP7 sense, 5'-GGCTTCTCCTACCCCTACAA-3' and antisense, 5'-GTGGTTGCTGGTGGCTGTGA-3'; GHR sense, 5'-TTCTAAACAGCAAAGGATTAA-3' and antisense, 5'-CACTGTGAAATTCGGGTT TA-3'; 18S primers: sense, 5'-CGGCTACCACATCCAAGGAA-3' and antisense: 5'-CCGGCG TCCCCTCTTAATC-3'. The PCR was conducted under the following conditions: 30 cycles at 94˚C for 45 sec, 60˚C for 45 sec and 72˚C for 1 min. Following amplification, the PCR products were analyzed on a 1.2% agarose gel and visualized by ethidium bromide staining and ultraviolet irradiation.
siRNA assay. MC3T3-E1 cells were grown to 50% confluence and transfected with ON-TARGETplus SMARTpool siRNA targeting STAT5B or ON-TARGETplus non-targeting siRNA using FuGene 6 (Roche, Basel, Switzerland), according to the manufacturer's instructions. Following transfection (48 h), cells were cultured in serum-free medium for 24 h and then exposed to 30 µg/ml HSE for 24 h. STAT5B, p-STAT5B, BMP7 and IGF-1R expression levels were detected using western blot analysis.
Statistical analysis. Data are presented as the mean ± SEM. Statistical analysis was performed using the student's t-test or one-way analysis of variance (ANOVA) test of the SAS program. These were compared by ANOVA followed by Duncan's multiple range test. P<0.05 was considered to indicate a statistically significant difference.
Results

HSE cytotoxicity of osteoblast-like cells.
To determine the suitability of HSE as an osteoblast growth supporting agent, cytotoxicity of HSE in osteoblast-like cells was examined. MC3T3-E1 cells were treated with increasing concentrations of HSE (0, 10, 20 and 40 µg/ml) for 24 h and the impact of HSE in MC3T3-E1 cell proliferation was assayed using the MTT assay. No notable cytotoxicity was observed when the cells were exposed to up to 40 µg/ml for 24 h (Fig. 1) . Thus, HSE was used at a concentration of 30 µg/ml for subsequent experiments.
HSE increases GH signaling-related protein expression in osteoblast-like cells.
The expression levels of various proteins involved in GH signaling were assessed by western blot analysis. GH initiates signals by binding to the GHR to activate tyrosine kinase, Jak2 and downstream pathways, including STAT5B, thereby regulating the expression of genes, including IGF-1. GH exerts effects directly and via IGF-1, which signals by activating the IGF-1R. We hypothesized that HSE increases the expression of BMP7, STAT5B, p-STAT5B, IGF-1R, GHR and Jak2 in osteobast-like cells. As demonstrated in Fig. 2A , HSE treatment increased expression of BMP7, IGF-1R, STAT5B, Jak2 and p-STAT5B in MC3T3-E1 in a dose-dependent manner. These observations indicate that HSE functions via the Jak2/ STAT5B signaling pathway in MSCs. Next, Jak2 was inhibited using AG490, which led to a blockade of HSE-induced BMP7 
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and GHR protein expression. HSE-induced BMP7 and GHR protein expression was inhibited by AG490 (Fig. 2B) . The relative expression density of protein with respect to actin provided a clear view on the effect of HSE on MC3T3-E1 cells at AG490 (Fig. 2C) . These results indicate that HSE-induced signaling is similar to GH signaling via the Jak2/STAT5 pathway.
HSE-induced BMP7 and GHR expression involves Jak2.
Next, the role of Jak2 in the enhanced expression of BMP7 and GHR upon HSE treatment was studied using the commercial Jak2 inhibitor, AG490. As demonstrated in Fig. 3A , HSE upregulated BMP7 and GHR mRNA expression in a dose-dependent manner. The relative expression density of mRNA with respect to 18S revealed the effect of HSE on MC3T3-E1 cells at various concentration levels (Fig. 3B) . The involvement of Jak2 in this augmented expression was analyzed by inhibition of Jak2 using AG490. This inhibition led to a reduction of HSE-induced BMP7 and GHR mRNA expression (Fig. 3C) . The relative expression with respect to 18S revealed a statistically significant repression in the expression of BMP7 and GHR (Fig. 3D ). These results demonstrate that HSE-induced BMP7 and GHR expression increases via Jak2.
HSE-induced BMP7 and GH signaling requires STAT5B activation in MC3T3-E1 cells.
To investigate whether STAT5B is involved in the effects of HSE on GH signaling, a siRNA strategy was used. MC3T3-E1 cells were transfected with specific STAT5B siRNA and then exposed to HSE treatment. STAT5B knockdown decreased the basal levels of STAT5B protein expression. Knockdown of STAT5B also inhibited HSE-induced p-STAT5B, BMP7 and IGF-1R expression levels in MC3T3-E1 cells (Fig. 4A) . Relative protein expression levels with respect to actin were analyzed to determine the effect of STAT5B in enhanced expression of proteins by HSE (Fig. 4B) . These results demonstrated that STAT5B played an essential role in GH signaling activation in MC3T3-E1 cells.
Discussion
GH is a potent regulator of bone formation (1). In addition, growth factors, including BMPs, play a key role in bone regeneration through growth and differentiation, whether secreted locally or used as stimulators (11, 24) . Unlike the BMP-induced osteo-inductive Smad pathway, Jak/STAT signaling is frequently associated with proliferation and migration of numerous primary cell lineages (25) . In a recent study, we reported that STAT5B is involved in MSM-induced osteoblastic differentiation of MSCs and plays an essential role in MSM-induced GH signaling of C3H10T1/2 cells (22) .
The present study was designed to examine the involvement of Jak2/STAT5B signaling in MC3T3-E1 cells following their treatment with HSE. Analysis of cell proliferation using the MTT method was performed with HSE at 10, 20 and 40 µg/ml. As demonstrated in Fig. 1 , there was no significant difference in the OD values in MC3T3-E1 cells. This observation indicated that there is no notable proliferation inhibition associated with HSE treatment in osteoblast cells. Our next aim was to investigate the effects of HSE on the Jak/STAT pathway by analyzing the expression of BMP7 and GHR in osteoblast-like cells. HSE increased the expression of GH signaling-related proteins, including STAT5B, p-STAT5B, IGF-1R, GHR and Jak2, in MC3T3-E1 cells (Fig. 2A) .
Osteoblasts produce a range of growth factors under a variety of stimuli, including IGF, platelet-derived growth factor, TGF-β and BMP (26) (27) (28) (29) . BMP7 is an important inducer of bone formation in vivo and in vitro. The ability of recombinant human BMP7 to induce large volumes of bone makes it an ideal candidate for treating delayed unions and non-unions (30) . In the present study, treatment with HSE was found to dependently induce the expression of BMP7 in MC3T3-E1 cells ( Figs. 2A and 3A) . In addition, inhibition of Jak2 led to suppression of BMP7 expression at the transcriptional and translational levels, indicating the importance of Jak2 in the enhanced expression of BMP7 upon HSE treatment (Figs. 2B and 3B ). These results demonstrate that HSE has the ability to maintain bone homeostasis via enhanced expression of BMP7.
Osteoblasts express GHR (31, 32) and transmembrane GHR levels are extremely important for GH signaling (33) . In general, the expression levels of GHR are regulated and fine tuned through the IGF-1 and IGF binding protein level. Levels of GHR are important in the autocrine loop of GH/IGF-1 and other factors modulating the effect of GH in osteoblasts. In our previous study, HSE was found to dose dependently enhance the expression of GHR in MC3T3-E1 cells. Inhibition of Jak2 and STAT5B revealed a marked decrease in GHR levels, demonstrating the significance of the Jak2/STAT5B signaling axis in the modulation of GHR expression. It is already known that IGF-1R is a necessary factor for maintaining GH-stimulated IGF-1 and IGFBP-3 expression (31). GH induces a GHR-Jak2-IGF-1R complex, indicative of a novel function for IGF-1R (2) . In the present study, expression of IGF-1R was also found to increase with HSE treatment ( Fig. 2A) and this increase was mediated through STAT5B (Fig. 4) . Therefore, we hypothesize that, HSE increases GHR signaling by enhancing the expression of IGF-1R via STAT5B in MC3T3-E1 cells.
GH signals through membrane-associated GHR, which results in the activation of receptor-associated Jaks. Jak2 activation results in the engagement of several intracellular signaling pathways, including STAT-1, -3 and -5 (34) (35) (36) . The role of Jak2 in osteoblastic cells is well studied. In a recent study, we reported that inhibition of Jak2 results in the inhibition of GH mediated osteoblast differentiation (22) , providing an insight to the role of Jak2 in osteoblastic cell lines. In the present study, the elevation of Jak2 levels using HSE revealed a simultaneous elevation in BMP7 and GHR levels. However, the inhibition of Jak2, suppressed the expression of BMP7 as well as GHR levels (Figs. 2B and 3C) . The relative expression levels of these proteins revealed a statistically significant decline in the expression of BMP7 and GHR in Jak2 inhibited samples (Figs. 2C and 3D ). This confirmed the role of Jak2 in the enhanced expression of BMP7 and GHR in HSE treatment.
STAT5B is an important member of the STAT family for osteoblast proliferation and differentiation (22) , owing to GH signaling primarily through the STAT5B/IGF-1R axis (5).
This signaling axis has its own importance in osteoblasts, as it modulates the expression of IGF-1, which is the most important autocrine factor in osteoblasts. In addition to the role of STAT5B in the regulation of IGF-1 levels, we found that abolition of STAT5B by specific siRNA, significantly decreases HSE-induced BMP7 and IGF-1R expression in osteoblast-like cells, indicating that the STAT5B signaling pathway functions as a positive modulator of HSE-induced signaling and enhanced expression of BMP7 and GHR (Figs. 2B and 3A) .
We hypothesize that HSE signals in osteoblast-like cells through the Jak2/STAT5B axis, similar to GH. In the present study, the ability of HSE to modulate the Jak2/STAT5B cascade in osteoblastic cells is reported for the first time. This signaling axis is involved in the somatomedin hypothesis and dual effector theory of GH/IGF-1 interaction and signaling. HSE signaling enhances the expression of BMP7, GHR and IGF-1R in MC3T3-E1 cells, indicating that the HSE signaling mechanism is important for osteoblast proliferation, differentiation and bone homeostasis.
